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Abstract

:

Due to the lack of ecofriendly/green reversed-phase high-performance thin-layer chromatography (RP-HPTLC) methods for trans-anethole (TAL) and its simplicity over routine analytical techniques, there was a necessity to establish a suitable HPTLC methodology for the quantitative analysis of TAL. Therefore, the first objective of this research was to develop an accurate, rapid and green RP-HPTLC densitometry methodology for the quantitative analysis of TAL in essential oil, traditional and ultrasound-assisted extracts of Foeniculum vulgare Mill and commercial formulations. The second objective was to compare the traditional method of extraction of TAL with its ultrasound-assisted method of extraction. The chromatogram of TAL from essential oil and traditional and ultrasound-assisted extracts of fennel and commercial formulations was verified by recoding its single spectra at Rf = 0.31 ± 0.01 in comparison to standard TAL. The proposed analytical methodology has been found to be superior in terms of linearity, accuracy and precision compared to most of the reported analytical methods for TAL analysis. The amount of TAL in the essential oil of fennel was recorded as 8.82 mg per g of oil. The content of TAL in traditional extracts of fennel, formulation 1 (dietary supplement 1) and formulation 2 (dietary supplement 2), was recorded as 6.44, 4.88 and 4.48 mg per g, respectively. The amount of TAL in ultrasound-assisted extracts of fennel, formulation 1 and formulation 2, was recorded as 8.34, 6.46 and 5.81 mg per g, respectively. The ultrasound method of extraction of TAL was found to be better than the traditional method of extraction. The results of validation studies and phytochemical analysis showed that the proposed methodology could be efficiently utilized for the quantification of TAL in the wide range of products having TAL as a component.
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1. Introduction


Fennel (Foeniculum vulgare Mill; family: Apicaceae) is a biennial or perennial medicinal herb [1]. The main components of fennel seeds are essential oils which are important flavoring agents [1,2,3]. Various therapeutic activities in essential oils of fennel, such as “antioxidant [4,5,6,7], anti-inflammatory [7], analgesic [7], hepatoprotective [8], diuretic [2], antimicrobial [9], antibacterial [2,10,11], antifungal [12], antidiabetic [13], neuroprotective [14] and anti-tumor activities [15],” have been reported in the literature. Several analytical methods have been reported for the identification of the different chemical constituents of the essential oils of fennel [1,2,3,16,17,18,19,20,21,22]. Some chemical constituents like trans-anethole (TAL), fenchone, α-pinene, β-pinene and camphene have been reported as the biomarker compounds of the essential oils of fennel [1,2,3,20,21,22]. Gas chromatography–mass spectrometry (GC–MS) studies have revealed that TAL is the most abundant component of fennel essential oils [3]. TAL is a monoterpene which is isolated from the essentials oils of various plants such as fennel, tarragon and basil [23].



Some high-performance liquid chromatography (HPLC) methods have been utilized for the estimation of TAL either alone or in combination with other components of plant extracts [24,25,26]. HPLC methods have also been reported in the estimation of TAL in rat plasma, human plasma and human urine [26,27,28]. Various GC methods with different detectors were also utilized in the estimation of TAL in different plant-based products [29,30,31,32,33,34]. The nuclear magnetic resonance spectroscopy method has also been used for the quantitative analysis of TAL in fennel and anise seed essential oils [32]. The GC–MS technique was also utilized for the quantification of TAL in serum samples [35]. The liquid chromatography–mass spectrometry (LC–MS) method was also utilized for the quantitative analysis of TAL in combination with other components of plant extracts [36]. The differential pulse voltammetry technique was also utilized for the quantitative analysis of TAL in various herbal matrices [37]. A single high-performance thin layer chromatography (HPTLC) technique was utilized for the quantitative analysis of TAL in fennel essential oil, methanolic extract of fennel and various commercial formulations [38]. Although several analytical methods have been reported for the quantitative analysis of TAL in plant extracts, green analytical techniques for the quantitative analysis of TAL are scarce in the literature. In addition, the literature’s HPTLC method also used a toxic solvent system in the analysis of TAL [38].



Based on the published reports in the literature, it was concluded that green HPTLC techniques are not available for the quantitation of TAL. The unavailability of green analytical methodologies for the quantitative analysis of TAL creates the necessity for developing a new reversed-phase high-performance thin-layer chromatography (RP-HPTLC) method for its quantitative analysis. In addition, the green RP-HPTLC techniques showed several benefits compared to routine HPLC techniques, including low cost, high speed of analysis, being nontoxic to the environment, avoiding the interference of impurities and detection clarity [39,40,41,42]. Therefore, the first objective of this research was to develop and validate a green RP-HPTLC technique for the quantitative analysis of TAL in fennel essential oil, traditional and ultrasound-assisted extracts of fennel and commercial formulations. The second objective was to compare the traditional method of extraction of TAL with its ultrasound-assisted method of extraction. The green RP-HPTLC technique for the quantitative analysis of TAL was validated for various validation parameters by following the International Conference on Harmonization (ICH) Q2 (R1) guidelines [43].




2. Materials and Methods


2.1. Materials


Standard TAL was procured from Sigma Aldrich (St. Louis, MO, USA). Chromatography grade methanol and ethanol (EtOH) were procured from E-Merck (Darmstadt, Germany). Fennel seeds were purchased from a local market in Al-Kharj, Saudi Arabia. The specimen seeds were identified with a voucher specimen repository available at Prince Sattam bin Abdulaziz University, Al Kharj, Saudi Arabia. Two different dietary supplement formulations (formulations 1 and 2), which are used in the treatment of infants and nursing children suffering from colic and dyspeptic disease, as a digestive aid to treat upper respiratory infections, coughs and sore throat, were purchased from a local market in Riyadh, Saudi Arabia. Chromatography-grade water (H2O) was obtained from the Milli-Q apparatus. All the solvents used were of HPLC grades and reagents were of analytical grades.




2.2. Chromatographic Conditions and Instrumentation


The quantitative analysis of TAL in standard TAL, fennel essential oils and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations was carried out using an HPTLC CAMAG TLC system (CAMAG, Muttenz, Switzerland). The quantitative analysis of TAL was conducted on 10 × 20 cm glass backed plates pre-coated with RP silica gel 60 F254S plates (E-Merck, Darmstadt, Germany). The samples were spotted as 6 mm bands using a CAMAG Automatic TLC Sampler 4 (ATS4) sample applicator (Geneva, Muttenz, Switzerland) which was fitted with a CAMAG microliter syringe (Hamilton, Bonaduz, Switzerland). The application rate for the quantitative analysis of TAL was fixed at 150 nL/s. The gas used for the sample application was nitrogen. The linear ascending development of HPTLC plates at a distance of 80 mm was performed using a binary composition of EtOH:H2O (7.5:2.5 v/v) as mobile phase in a CAMAG automatic developing chamber 2 (ADC2) (CAMAG, Muttenz, Switzerland). The developing chamber was saturated previously with a binary composition of EtOH:H2O (7.5:2.5 v/v) for 30 min at an ambient temperature (22 °C). The RP-HPTLC scanning was conducted at the wavelength (λmax) = 262 nm. The slit dimensions and scanning rate were kept at 4 × 0.45 mm and 20 mm/s, respectively. Each quantification was carried out in three different replicates (n = 3). The software utilized for data analysis was WinCAT’s (version 1.4.3.6336, CAMAG, Muttenz, Switzerland).




2.3. Calibration Curve of TAL


First, the stock solution (SS) of TAL was obtained by dispensing 10 mg of TAL in 10 mL of methanol. Around 1 mL of SS of TAL was diluted further with a binary composition of EtOH:H2O (7.5:2.5 v/v) to get the final SS of 100 μg/mL. Serial dilutions of SS of TAL were prepared by taking different volumes of TAL SS and diluting with EtOH:H2O (7.5:2.5 v/v) to get the concentrations in the range of 50–1000 ng/band. The SS of TAL was obtained in six replicates (n = 6). The same volume of each concentration of TAL was applied onto HPTLC plates and the peak area for each concentration was measured. The calibration curve (CC) of TAL was generated by plotting the concentrations against the measured area of TAL. The CC of the TAL was constructed for six replicates (n = 6).




2.4. Isolation of the Essential Oil from Foeniculum vulgare Mill Seeds


The essential oil of fennel seeds was obtained by a hydro-distillation method according to the standard method of Egyptian Pharmacopoeia. Around 200 g of fennel seeds were used for essential oil extraction under a Clevenger trap apparatus. The specified amount of fennel seeds was mixed with 1000 mL of water for 8 h distillations. The oil layer and water separation were trapped with dichloromethane (3 × 50 mL). Further, the organic layer was concentrated under a rotary vacuum evaporator in order to obtain the pure essential oil.




2.5. Traditional Extraction of TAL from Fennel Seeds


About 10 g of fennel seeds were taken and triturated to get the fine powder. The fine powder of fennel seeds was refluxed with 100 mL of methanol for about 1 h in a water bath. The contents were filtered and the marc left was refluxed further with 70 mL of methanol for 1 h and filtered again. Methanol was evaporated under a rotary vacuum evaporator. The residue obtained was reconstituted in 50 mL methanol. This procedure was repeated three times (n = 3). The obtained solution was used as a test solution for the quantitative analysis of TAL in the traditional methanolic extract of fennel seeds.




2.6. Traditional Extraction of TAL from Commercial Formulations (Dietary Supplements)


TAL was determined in two different commercial formulations (dietary supplements). Commercial formulations 1 and 2 were triturated to get the fine powder. Approximately 5 g of each formulation was refluxed with 100 mL of methanol for about 1 h in water bath. The contents were filtered and the marc left was refluxed further with 70 mL of methanol for 1 h and filtered again. Methanol was evaporated under a rotary vacuum evaporator. The residue obtained was reconstituted in 25 mL methanol. This extraction was repeated three times (n = 3). These solutions were used as test solutions for the quantitative analysis of TAL in commercial dietary supplement formulations.




2.7. Ultrasound-Assisted Extraction of TAL from Fennel Seeds


The ultrasound-assisted extraction of TAL from the fennel seeds was conducted under ultrasonic vibrations using an ultrasonicator. Approximately 10 g of finely powdered fennel seeds was extracted with 100 mL of methanol. Methanol was evaporated under a rotary vacuum evaporator. The residue obtained was reconstituted with 50 mL of methanol. The residue solution was ultrasonicated at 50 °C for about 1 h. This extraction was carried out three times (n = 3). The obtained solution was utilized as a test solution for the quantitative analysis of TAL in the ultrasound-assisted methanolic extract of fennel seeds.




2.8. Ultrasound-Assisted Extraction of TAL from Commercial Formulations (Dietary Supplements)


For the analysis of TAL in commercial dietary supplements, both formulations were powdered using a glass pestle and mortar. Around 5 g of each commercial formulation was taken in a beaker separately and mixed vigorously to get a homogenous mixture. Both formulations were ultrasonicated at 50 °C for about 1 h with 70 mL of methanol and filtered. The filtrates were combined and concentrated under a rotary vacuum evaporator to a final volume of 25 mL. Each extraction was carried out three times (n = 3). These solutions were utilized as test solutions for the quantitative analysis of TAL in ultrasound-assisted extracts of commercial dietary formulations.




2.9. Method Validation


The proposed analytical methodology for the quantitative analysis of TAL was validated for different validation parameters according to the ICH Q2 (R1) guidance [43]. The linearity range of TAL was estimated by plotting the concentration of TAL on an x-axis and its peak area on a y-axis. The linearity of TAL was determined in the range of 50–1000 ng/band in six replicates (n = 6). The method accuracy of TAL was estimated as the percent of recovery (% recovery) by adopting the standard addition method. In this method, the previously quantified solution of TAL (100 ng/band) was spiked with an extra 0–150% content of TAL. The obtained concentrations of 100, 150, 200 and 250 ng/band of TAL were re-quantified by applying the proposed technique (n = 6). The % recovery was estimated at each concentration of TAL.



The method precision for TAL was calculated as intra-day and inter-day precision. Intra-day precision for TAL was estimated by the quantification of samples on the same day at 100, 150, 200 and 250 ng/band concentrations in six replicates (n = 6). Meanwhile, inter-day precision for TAL was evaluated by the estimation of 100, 150, 200 and 250 ng/band concentrations on three different days in six replicates (n = 6).



The method robustness for TAL was studied by introducing some minor changes in the mobile phase components during TAL quantification. The original mobile phase components of EtOH:H2O (7.5:2.5) were changed into EtOH:H2O (7.7:2.3) and EtOH:H2O (7.3:2.7) for robustness evaluation. The robustness for TAL was obtained in six different replicates (n = 6)



The method sensitivity for TAL was estimated as the detection (LOD) and quantification (LOQ) limits using the standard deviation (SD) technique. The LOD and LOQ of TAL were estimated in six replicates (n = 6) using their standard formulae reported in literature [38,39].



The method specificity for TAL was determined by comparing the retardation factor (Rf) values and ultraviolet (UV)-absorption spectra of TAL in essential oil, traditional and ultrasound-assisted extracts of fennel and commercial formulations with that of standard TAL.




2.10. Quantitative Analysis of TAL in Essential Oil and Traditional and Ultrasound-Assisted Extracts of Fennel and Commercial Formulations


The obtained samples of essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations were applied on RP-HPTLC plates and a chromatogram of each sample was obtained under the same experimental conditions as described for the quantitative analysis of standard TAL. The peak area of TAL in all test samples was recorded and compared (n = 3). The amount of TAL in each sample was calculated using the CC of TAL.




2.11. Statistical Evaluation


All the values are represented as mean ± SD (n = 3 or n = 6). The statistical evaluation was performed by applying Dunnett’s test using the GraphPad Prism software (version 6, GraphPad, San Diego, CA, USA). Each statistical evaluation was conducted at a 5% level of significance.





3. Results and Discussion


3.1. Method Development


An exhaustive literature search revealed no green RP-HPTLC technique for the quantitative analysis of TAL in plant extracts and commercial formulations. Therefore, this research was conducted to develop and validate a green RP-HPTLC technique for the quantitative analysis of TAL. The utility of RP-HPTLC techniques presented several advantages over normal phase HPTLC techniques [40,41]. Moreover, a green RP-HPTLC technique for the quantitative analysis of TAL could also avoid the chances of environmental toxicity [41,42].



In this work, several combinations of EtOH and H2O like 6:4 (%, v/v), 7:3 (%, v/v), 8:2 (%, v/v) and 7.5:2.5 (%, v/v) were evaluated as the mobile phases for the development of a suitable RP-HPTLC method for the quantitative analysis of TAL. From the results recorded, it was observed that the binary combination of EtOH and H2O like 6:4 (%, v/v), 7:3 (%, v/v) and 8:2 (%, v/v) offered poor densitometry peaks of TAL with a poor asymmetry factor. However, when the binary combination of EtOH and H2O like 7.5:2.5 (%, v/v) was studied, it was observed that this composition offered a well-resolved, symmetrical and compact densitometric peak of TAL at Rf = 0.31 ± 0.01 (Figure 1). Hence, the binary composition of EtOH:H2O (7.5:2.5 v/v) was selected as the green mobile phase for the quantitative analysis of TAL in fennel essential oil and traditional and ultrasound-assisted extracts of fennel and commercial formulations. The band spectra for TAL were recorded and a maximum response was recorded at λmax = 262 nm for TAL. Therefore, all quantifications of TAL were conducted at λmax = 262 nm.




3.2. Method Validation


Several validation parameters for the quantitative analysis of TAL were studied according to ICH recommendations [43]. The resulting data for linear regression analysis of the CC of TAL are tabulated in Table 1.



The CC of TAL was found to be linear in the range of 50–1000 ng/band. The results of regression analysis indicated a good linear relationship between the concentration and peak area of TAL. The determination coefficient (R2) value for TAL was estimated as 0.9995. The regressed R2 value for TAL was significant (p < 0.05). These results suggested that the proposed green analytical methodology was linear for the quantitative analysis of TAL.



The method accuracy for TAL was determined as % recovery and the results are listed in Table 2.



The percentages of recovery of TAL after spiking an extra 0–150% were recorded as 98.41–101.13% using the proposed analytical methodology. The % RSD values for recovery studies of TAL were calculated as 0.95–1.86%. The recorded % recoveries within the limit of 100 ± 2% for TAL indicated that green RP-HPTLC method was accurate for the quantitative analysis of TAL. The method precision for TAL was determined as % RSD and the results are listed in Table 3.



For repeatability, the % RSD values of TAL were recorded as 0.74–1.63%. For intermediate precision, the % RSD values of TAL were estimated as 0.77–1.88%. The estimated % RSD values for TAL within the range of ± 2% indicated that the green RP-HPTLC method was precise for the quantitative analysis of TAL.



Robustness for the TAL quantitative analysis was obtained by introducing minor changes in the mobile phase mixtures and the results are listed in Table 4. The errors in terms of % RSD for TAL after introducing minor changes in the mobile phase mixtures were estimated as 0.76–0.94% in addition to a minor change in Rf values. The lower RSD values and small variations in Rf values showed that the proposed method was robust for the quantitative analysis of TAL.



Method sensitivity for the TAL quantitative analysis was studied in the form of LOD and LOQ and the resulting data are listed in Table 1. The LOD and LOQ for TAL were estimated as 16.85 ± 0.82 and 50.55 ± 2.46 ng/band, respectively. The results of sensitivity suggested that the proposed analytical methodology was sensitive for the quantitative analysis of TAL.



The specificity and the peak purity of the method for quantitative analysis of TAL were determined by comparing the overlaid UV-absorption spectra of TAL in essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations with that of standard TAL. The overlaid UV-absorption spectra of standard TAL and TAL in essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations are summarized in Figure 2.



The maximum densitometry response of TAL in standard, essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations were observed at λmax = 262 nm. The similar UV-absorption spectra, Rf values and λmax of TAL in standard, essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations suggested the method’s specificity for the quantitative analysis of TAL.




3.3. Quantitative Analysis of TAL in Essential Oil and Traditional and Ultrasound-Assisted Extracts of Fennel and Commercial Formulations


The proposed green RP-HPTLC technique could be utilized as an alternative approach to conventional methods of analysis for the quantitative analysis of TAL in essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations. The HPTLC-densitometry peak of TAL from fennel essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations was verified by obtaining its single TLC band at Rf = 0.31 ± 0.01 for TAL with that of standard TAL. The HPTLC chromatogram of TAL in traditional methanolic extract of fennel seeds is summarized in Figure 3, which presented a similar peak of TAL with that of standard TAL. Moreover, six additional peaks were also observed in the traditional methanolic extract of fennel seeds.



The representative HPTLC chromatogram of TAL in fennel essential oil is summarized in Figure 4, which also presented a similar peak of TAL to that of standard TAL. In addition, four additional peaks were also observed in fennel essential oil.



The representative HPTLC chromatogram of TAL in a traditional extract of commercial formulation 1 is summarized in Figure 5, which also showed a similar peak of TAL to that of standard TAL. Moreover, six additional peaks were also detected in the traditional extract of commercial formulation 1.



The presence of additional peaks in essential oil and traditional extracts of fennel seeds and commercial formulations indicated that the proposed analytical methodology could be effectively utilized in the quantitative analysis of TAL in the presence of impurities/different compounds.



The content of TAL in essential oil and traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations was calculated using the CC of TAL and the results are summarized in Table 5.



The amount of TAL was found to be highest in fennel essential oil (8.82 ± 0.54 mg/g). The amount of TAL in traditional extracts of fennel seeds, formulation 1 and formulation 2, was recorded as 6.44 ± 0.32, 4.88 ± 0.27 and 4.48 ± 0.24 mg per g, respectively. Alongside this, the content of TAL in ultrasound-assisted extracts of fennel seeds, formulation 1 and formulation 2, was recorded as 8.34 ± 0.48, 6.46 ± 0.35 and 5.81 ± 0.30 mg per g, respectively. It was noted that the amount of TAL was found to be significantly higher in ultrasound-assisted extracts of fennel seeds, formulations 1 and formulations 2, compared with respective traditional extracts (p < 0.05). Based on such observations, the ultrasound technique for the extraction of TAL in fennel seeds and commercial formulations is proposed as better than the traditional method of extraction. Overall, these results indicate that the proposed RP-HPTLC technique could be effectively utilized in the quantitative analysis of TAL in a wide variety of products containing TAL as one of the ingredients.




3.4. Literature Comparison


The current RP-HPTLC technique for the quantitative analysis of TAL was compared with similar analytical methodologies used for the quantification of TAL. The results of the current analytical methodology compared with previously reported methods are summarized in Table 6.



The main validation parameters compared were linearity, accuracy and precision. The linearity range and accuracy of the reported HPLC-UV method for the quantitative analysis of TAL were observed as inferior to those in the present RP-HPTLC method [24]. Alongside this, the precision of the reported HPLC-UV method was observed as being similar to the present RP-HPTLC technique [24]. The accuracy and precision of another HPLC-UV method was also found to be inferior to those of the present RP-HPTLC technique [26]. The precision of the other HPLC-UV technique was also found as out of the ICH recommendation as compared with the present RP-HPTLC method [25]. The linearity, accuracy and precision of a reported normal phase HPTLC-UV technique have been reported as 100–600 ng/band, 98.33–99.30% and 0.34–1.02%, respectively [38]. The accuracy and precision of the reported HPTLC-UV method were within the range of the ICH guidance. Meanwhile, its linearity range was much inferior to the present RP-HPTLC method [38]. The accuracy and precision of the reported GC–flame ionization detector [FID] (GC–FID) method was observed as within the limit of ICH guidelines compared with the present RP-HPTLC method. However, its linearity range was inferior to that of the present RP-HPTLC method [31]. Overall, the present RP-HPTLC method was found reliable and better than the reported analytical methods for the quantitative analysis of TAL.





4. Conclusions


Due to the unavailability of a green RP-HPTLC technique for the quantitative analysis of TAL in the existing literature, the aim of this work was to develop and validate a green RP-HPTLC technique for the quantitative analysis of TAL in fennel essential oil, traditional and ultrasound-assisted extracts of fennel seeds and commercial formulations. The green RP-HPTLC has been found to be rapid, simple, accurate, precise, robust, sensitive and specific for the quantitative analysis of TAL. In general, the amount of TAL was recorded as highest in fennel essential oil. In addition, the amount of TAL obtained was significantly higher in ultrasound-assisted extracts of fennel seeds and commercial formulations as compared with their traditional extracts (p < 0.05). The results of this work suggest that the ultrasound-assisted extraction of TAL is superior over the traditional method of extraction of TAL from fennel seeds and commercial formulations. In conclusion, the results of this work show that the green RP-HPTLC technique could be successfully applied in the quantitative analysis of TAL in the real samples of fennel essential oil, fennel seeds and commercial formulations containing TAL as one of the constituents.
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Figure 1. High-performance thin layer chromatography (HPTLC) densitogram of standard trans-anethole (TAL). 
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Figure 2. Overlaid ultraviolet (UV) absorption spectra of standard TAL, fennel essential oil and traditional and ultrasound-assisted fennel extract and commercial formulations. 
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Figure 3. HPTLC chromatogram of TAL in a traditional methanolic extract of Foeniculum vulgare. 
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Figure 4. HPTLC chromatogram of TAL in the essential oil of Foeniculum vulgare. 
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Figure 5. HPTLC chromatogram of TAL in a traditional extract of commercial formulation 1 containing Foeniculum vulgare. 
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Table 1. Linear regression analysis for the calibration curve of trans-anethole (TAL) (mean ± SD; n = 6).
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	Linearity Range (ng/band)
	50–1000





	Regression equation
	Y = 12.24x + 59.01



	Determination coefficient
	0.9995



	Slope ± SD
	12.24 ± 0.79



	Intercept ± SD
	59.01 ± 2.76



	Standard error of slope
	0.32



	Standard error of intercept
	1.12



	95% confidence interval of slope
	10.8–13.6



	95% confidence interval of intercept
	54.1–63.8



	LOD ± SD (ng/band)
	16.85 ± 0.82



	LOQ ± SD (ng/band)
	50.55 ± 2.46
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Table 2. Accuracy results of a green reversed phase high-performance thin layer chromatography (RP-HPTLC) method (mean ± SD; n = 6).
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	Excess Drug Added to Analyte (%)
	Theoretical Content (ng/band)
	Conc. Found (ng/band) ± SD
	Recovery (%)
	RSD (%)





	0
	100
	98.41 ± 1.84
	98.41
	1.86



	50
	150
	147.86 ± 2.14
	98.57
	1.44



	100
	200
	201.47 ± 2.18
	100.73
	1.08



	150
	250
	252.84 ± 2.42
	101.13
	0.95
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Table 3. Precision analysis of a green RP-HPTLC method (mean ± SD; n = 6).
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Conc.

(ng/band)

	
Repeatability (Intraday Precision)

	
Intermediate Precision (Interday)




	
Area ± SD

	
Standard Error

	
% RSD

	
Area ± SD

	
Standard Error

	
% RSD






	
100

	
1344 ± 22

	
8.98

	
1.63

	
1324 ± 25

	
10.20

	
1.88




	
150

	
2086 ± 24

	
9.79

	
1.15

	
2062 ± 27

	
11.02

	
1.30




	
200

	
2568 ± 21

	
8.57

	
0.81

	
2580 ± 23

	
9.39

	
0.89




	
250

	
3076 ± 23

	
9.39

	
0.74

	
3102 ± 24

	
9.79

	
0.77
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Table 4. The robustness of a green RP-HPTLC method (mean ± SD; n = 6).
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Conc.

(ng/band)

	
Mobile Phase Composition (EtOH:H2O)

	
Results




	
Original

	
Used

	

	
Area ± SD

	
% RSD

	
Rf






	

	

	
7.7:2.3

	
+0.2

	
2534 ± 21

	
0.82

	
0.30




	
200

	
7.5:2.5

	
7.5:2.5

	
0.0

	
2498 ± 19

	
0.76

	
0.31




	

	

	
7.3:2.7

	
−0.2

	
2438 ± 23

	
0.94

	
0.32
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Table 5. Quantitative analysis of TAL in essential oil, methanolic extract and commercial formulations extracted by traditional and ultrasound methods using a green RP-HPTLC method (mean ± SD; n = 3).
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Samples

	
Traditional Extraction

	
Ultrasound-Based Extraction




	
Amount of TAL (mg/g)






	
Essential oil

	
8.82 ± 0.54

	
NA *




	
Methanolic extract

	
6.44 ± 0.32

	
8.34 ± 0.48




	
Formulation 1

	
4.88 ± 0.27

	
6.46 ± 0.35




	
Formulation 2

	
4.48 ± 0.24

	
5.81 ± 0.30








* Ultrasound extraction is not applicable to essential oil, as direct analysis was performed on essential oil.
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Table 6. Comparison of the present green RP-HPTLC method with the previous literature’s methods for the quantitative analysis of TAL.
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	Analytical Method
	Linearity Range
	Accuracy (% Recovery)
	Precision (% RSD)
	Ref.





	HPLC
	2–16 (µg/mL)
	95–101
	0.9–1.6
	[24]



	HPLC
	0.015–98 (µg/mL)
	97.6–101.1
	3.6
	[26]



	HPLC
	0.1–200 (µg/mL)
	99.38–101.33
	1.53–2.82
	[25]



	HPTLC
	100–600 (ng/band)
	98.33–99.30
	0.34–1.02
	[38]



	GC
	240–1200 (µL/mL)
	99.70–100.90
	0.21
	[31]



	HPTLC
	50–1000 (ng/band)
	98.42–101.13
	0.74–1.88
	Present work
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